Androgens are well known to influence sebum synthesis and secretion. Various factors related to androgen biosynthesis are expressed in human sebaceous glands. In this study, immunohistochemical analysis of human skin specimens from 43 subjects indicated that various androgen-producing and -metabolizing enzymes were functionally localized to sebocytes accumulating lipid droplets and that the exclusive expression of 17b-hydroxysteroid dehydrogenase type 2 (17b-HSD2 (HSD17B2)) in sebaceous glands was negatively correlated with that of peroxisome proliferator-activated receptor gamma (PPARg (PPARG)), which also significantly changed in an age-dependent manner. We also demonstrated that the changes of 17b-HSD2 expression in human immortalized sebocytes (SZ95) influenced the expressions of sebogenesis-related factors. In addition, the overexpression of 17b-HSD2 in SZ95 significantly increased the androstenedione production and markedly decreased the amounts of testosterone and dihydrotestosterone when DHEA was added externally. On the other hand, the phosphorylation of mammalian target of rapamycin, which is well known to induce sebum secretion and the onset and/or aggravation of acne, was increased by the addition of testosterone in the presence of IGF1 in hamster sebocytes. These results all indicated that local androgen biosynthesis and metabolism in human sebaceous glands could play a pivotal role in sebum synthesis and secretion.
Introduction
Sebum is known to be mainly composed of squalene, wax esters, fatty acids, cholesterol, cholesterol esters, and triacylglycerol and is synthesized in sebaceous glands, followed by secretion into the skin surface (Montagna 1974 , Nikkari 1974 . Sebum has also been reported to exhibit an anti-bacterial activity (Wille & Kydonieus 2003 , Georgel et al. 2005 . In addition, decreased hydration of stratum corneum and enhanced cutaneous inflammation were found in sebaceous gland-deficient (Asebia) mice (Fluhr et al. 2003 , Georgel et al. 2005 , indicating the pivotal role of sebum in innate skin immunity and skin homeostasis. On the other hand, excessive sebum secretion from activated sebaceous glands causes various skin disorders including acne (Zouboulis et al. 1998) . In particular, patients with acne exhibit sustainable rates of sebum secretion compared with healthy subjects (Harris et al. 1983) . Therefore, abnormal sebum secretion from sebaceous glands is currently considered to be one of the pivotal causes of the onset and/or the aggravation of acne. More than 60% of adolescents who are 16-20 years old suffer from acne in all ethnic groups but the correlation between ethnicity and acne has not been elucidated (Ghodsi et al. 2009 , Perkins et al. 2011 , Bhate & Williams 2013 . This age period seems to correspond with the development of secondary sex characteristics and the initiation of sex steroid synthesis in adrenal glands and gonads, which influence sebum secretion (Pochi & Strauss 1974) . Both testosterone and estradiol (E 2 ) have been reported to increase and decrease sebum secretion respectively (Pochi & Strauss 1974) . Consistently, androgen receptor (AR) blockers have been reported to decrease sebum secretion (Makrantonaki & Zouboulis 2007 , George et al. 2008 , resulting in the clinical improvement of acne. These findings all indicated the importance of sex steroids in the pathogenesis and development of acne.
Sex steroids are primarily synthesized and secreted from the adrenal cortex, ovaries, and testes and are subsequently transported to peripheral target tissues via circulation (Labrie 1991) . The abundance of precursor steroids in the circulation and the presence of their synthetic enzymes have been reported for a variety of peripheral tissues (Belanger et al. 2002 , Yanase et al. 2003 , which indicates that sex steroids are locally biosynthesized in an 'intracrine' manner. This peripheral production of sex steroids has been considered to play important roles in the homeostasis of peripheral tissues (Sasano et al. 2008) . In human skin, various androgen synthetic and metabolic enzymes have been reported to be abundantly expressed in human sebaceous glands (Fritsch et al. 2001 , Thiboutot et al. 2003 , Zouboulis 2004 , suggesting the possible involvement of local androgen production in the function of human sebaceous glands.
In this study, we examined the hypothesis that local androgen synthesis may be involved in sebogenesis and we characterized the correlations between various androgen-producing/metabolizing factors and sebogenesis markers in human facial skin specimens. We then evaluated the influence of androgenesis factors on sebum secretion using human immortalized sebocytes and hamster sebocytes in order to further elucidate the mechanisms underlying the intracrine-based androgen regulation of sebum secretion in human sebaceous glands.
Materials and methods

Human skin specimens
Facial skin specimens from 43 subjects who had undergone surgery to remove nevi during the period from 1999 to 2008 were retrieved from surgical pathology files at the Department of Pathology, Tohoku University Hospital, Sendai, Japan. The subjects were all Japanese and there were no histopathological signs of inflammation in any of these specimens. The relevant information on the specimens studied is summarized in Table 1 . All specimens were fixed in 10% formalin and embedded in paraffin. Two further skin specimens that were used for laser capture microdissection (LCM) were obtained from two male patients (61-and 68-year-old) after surgery, who showed no clinical or histopathological signs of skin abnormalities. All protocols in this study were approved by the Ethics Committee at the Tohoku University Graduate School of Medicine, Sendai, Japan (approval number 2008-124).
Immunohistochemistry
Streptavidin-biotin amplification was performed according to the manufacturer's instructions (Histofine Kit, Nichiei, Tokyo, Japan). StAR was detected by immunostaining following a 20 min microwave antigen retrieval in citric acid buffer (2 mmol/l citric acid and 9 mmol/l trisodium citrate dihydrate, pH 6.0), whereas the immunohistochemistry for AR (Dako, Copenhagen, Denmark) and peroxisome proliferator-activated receptor gamma (PPARg (PPARG)) (Perseus Proteomics, Tokyo, Japan) was performed by heating the slides in an autoclave at 121 8C for 5 min. Antigen retrieval was not performed for the immunohistochemistry of 17b-hydroxysteroid dehydrogenase type 2 (17b-HSD2 (HSD17B2)) (Proteintech; Chicago, IL, USA), 3b-HSD (a gift from Dr Ian Mason at the University of Edinburgh, Edinburgh), 5a-reductase type 1 (5a-red1) (a gift from Dr D W Russell at the University of Texas Southwestern Medical Center, Dallas), and epithelial membrane antigen (EMA) (Dako). Each primary antibody was used at the following dilution based upon the results of preliminary studies determining the optimum conditions for 
Evaluation of immunoreactivity
All evaluations were carried out in healthy skin regions. The immunoreactivity of StAR, 3b-HSD, 5a-red1, and EMA was evaluated according to the modified H-score method as described previously (Zhenhuan et al. 2002) . Briefly, the cytoplasmic staining intensity in sebaceous glands was tentatively scored as follows: 0, negative; 1, weak; 2, intermediate; or 3, strong. Five areas in each tissue section were randomly selected by two of the authors (T I and Y M). The H-score was calculated according to the following formula: H-scoreZ(the percentage of area occupied by cells scored as 1)!1C(the percentage of area occupied by cells scored as 2)!2C(the percentage of area occupied by cells scored as 3)!3. The immunoreactivity of AR, PPARg, and 17b-HSD2 was also assessed by evaluating the percentage of positive cells using 300 sebaceous gland cells, i.e. the labeling index (LI), as described previously (Suzuki et al. 2007) . The evaluation was also performed independently by two of the authors (T I and Y M) and inter-and intraobserver differences were confirmed to be less than 5%.
LCM/real-time PCR
Skin specimens obtained from two Japanese males, 61 and 68 years old, were embedded in optimal cutting temperature compound (Sakura Finetek, Tokyo, Japan) and were kept at K80 8C until use. The frozen sections stained with toluidine blue were carefully separated into the following components: i) epidermis, ii) sebaceous glands, iii) sweat glands, and iv) the remaining dermis except for hair follicles using Laser Scissors CRI-337 (Cell Robotics, Inc., Albuquerque, NM, USA) under light microscopy. Total RNAs of the tissue sections described as (i) to (iv) above were extracted according to the protocol of the RNA Microisolation Kit (Qiagen). cDNAs were synthesized using a QuantiTect RT Kit (Qiagen) according to the manufacturer's instructions. Real-time PCR was also performed in order to quantify the 17b-HSD2 expression level. The expression of large ribosomal protein P0 (RPLP0) was used as an internal control.
Cell culture
The immortalized human sebocyte cell line SZ95 (Zouboulis et al. 1999) was maintained in Sebomed medium (Biochrom, Berlin, Germany) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS, Life Technologies Japan), 50 U/ml penicillin, 50 mg/ml streptomycin (Life Technologies Japan), and 5 ng/ml human recombinant epidermal growth factor (EGF) (Funakoshi, Tokyo, Japan) at 37 8C in an atmosphere of 5% (v/v) CO 2 (Wró bel et al. 2003) . Primary hamster sebocytes (Kurabo, Osaka, Japan) were cultured with Humedia BG (Kurabo) at 37 8C in an atmosphere of 5% (v/v) CO 2.
Establishment of cell lines stably over-expressing 17b-HSD2
The open reading frame of 17b-HSD2 was amplified from SZ95 cDNA using the PrimeSTAR GXL DNA Polymerase (Takara Bio, Shiga, Japan) with the following primers: 5 0 -GTAGAATTCATGAGCACTTTCTTCTCGGACA-3 0 and 5 0 -GTACTCGAGCTAGGTGGCCTTTTTCTTGTAG-3 0 . After the amplified fragments were inserted into the multiple cloning site of pcDNA3.1 (K) (Life Technologies) using an In-Fusion HD Cloning Kit (Takara Bio), the plasmid (pcDNA3.1 (17b-HSD2)) was extracted and purified using an EndoFree Plasmid Purification Kit (Qiagen). The consequent pcDNA3.1 (mock) and pcDNA3.1 (17b-HSD2) cut by PvuI were transfected in SZ95 sebocytes using Lipofectamine 2000 (Life Technologies Japan) and cells expressing the neomycin resistance gene were selected by cultivation in medium containing 200 mg/ml G418-for 7 days.
Total RNA extraction, cDNA synthesis, and real-time PCR SZ95 sebocytes (SZ95 (cont)) transfected with pcDNA3.1 (mock) and SZ95 sebocytes (SZ95 (17b)), which were modified with pcDNA3.1 (17b-HSD2), were seeded in 24-well plates at a density of 0.1!10 4 cells/well and were cultured for 7 days in a medium (10% FBS, 50 U/ml penicillin, 50 mg/ml streptomycin, and 5 ng/ml EGF) without any medium change. After total RNAs were isolated from SZ95 (cont) and SZ95 (17b) cells using an RNeasy Mini Kit (Qiagen), cDNAs were synthesized using a QuantiTect RT Kit (Qiagen) according to the manufacturer's instructions. The expressions of PPARg, 17b-HSD2, stearoyl-CoA desaturase (SCD), glycerol-3-phosphate acyltransferase, mitochondrial (GPAM), EMA, sterol regulatory element-binding 1 (SREBP1), perilipin1 (PLIN1), and carnitine palmitoyltransferase 1 (CPT1 (CPT1A)) were quantified by real-time PCR using TaqMan gene expression assays and an Applied Biosystems 7500 RealTime PCR System (Applied Biosystems) according to the manufacturer's instructions. The expression of RPLP0 was used as an internal control.
Western blotting analysis
After the seeding of hamster sebocytes into six-well plates, these cells were cultured using Humedia BB (Kurabo) in the absence or presence of 1000 ng/ml insulin-like growth factor 1 (IGF1) (Sigma-Aldrich) with 0, 1, 10, and 100 nM testosterone for 24 h. Following their lyses in RIPA buffer (Sigma-Aldrich Japan), 10 mg of each sample were separated on 10% SDS gels (Bio-Rad Laboratories). Samples were then transferred onto PVDF membranes (Bio-Rad Laboratories) and were incubated with antibodies specific for human phospho-mammalian target of rapamycin (mTOR) (Ser2448), mTOR (Cell Signaling Technology, Inc.), or human b-actin (Sigma). Subsequent visualization of antibodies was performed using ECL Plus (GE Healthcare; Amersham, Buckinghamshire, UK) according to the manufacturer's instructions.
siRNA transfection SZ95 cells seeded in a 24-well plate were transfected using Stealth Select RNAi siRNA with or without any specificity for 17b-HSD2 (Life Technologies Japan) and Lipofectamine 2000 reagent (Life Technologies Japan) according to the manufacturer's instructions. After SZ95 cells were cultured in a medium supplemented with 10% FBS for 3 days, the aforementioned procedures for total RNA extraction, cDNA synthesis, and real-time PCR were also performed in these experiments.
Cell culture and liquid chromatography/electrospray tandem mass spectrometry SZ95 cells were seeded at a density of 8.0!10 5 cells/dish onto dishes that were 100 mm in diameter and then were incubated for 24 h, followed by transfection of pcDNA3.1 (mock) or pcDNA3.1 (17b-HSD2) in the presence of Lipofectamine 2000 (Life Technologies Japan). SZ95 cells were cultured in the absence or presence of 1000 nM DHEA in the media containing 5% charcoal serum for 3 days, after 12 h of transfection. The media and cells were then harvested and subsequently homogenized using a homogenizer for the quantification of androstenedione, testosterone, and dihydrotestosterone concentrations. The concentration of androgens was measured by liquid chromatography/ electrospray tandem mass spectrometry (LC-MS/MS) at ASKA Pharma Medical Co. Ltd (Kawasaki, Kanagawa, Japan) as described previously (Inoue et al. 2012) . Testosterone, androstenedione, and dihydrotestosterone concentrations were all measured by LC (Nexera, Shimazdu, Kyoto, Japan) coupled with an API 4000 triple-stage quadrupole mass spectrometer (ABsciex, Foster City, CA, USA) operated with electrospray ionization in the positive-ion mode; the chromatographic separation was performed on a Kinetex C18 column (2.1!150 mm, 1.7 mm, Phenomenex, Torrance, CA, USA). The injected volume of each sample was 20 ml. The mobile phase consisting of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B) was used for gradient elution of A:BZ65:35-0:100 (0-4.9 min) and isocratic elution of A:BZ0:100 (4.9-5.4 min) and 65:35 (5.4-6.0 min). The flow rates were 0.5 ml/min (0-4.9 min), 0.9 ml/min (4.9-5.6 min), and 0.75 ml/min (5.6-6.0 min). The ion spray voltage was 5.5 kV, and the turbo gas temperature was 550 8C under ionization conditions. The testosterone derivatives were quantified by evaluating the transition of m/z 394. 
Statistical analysis
Student's t-test was used to compare the expression levels of sebogenesis and lipid synthesis genes between SZ95 (cont) and SZ95 (17b) cells. The Kruskal-Wallis test was also used to compare the sex steroid concentrations. The MannWhitney U test was used to compare the sex differences in LIs of AR and 17b-HSD2 expression and H-scores for StAR, 3b-HSD, and 5a-red1 expressions. The relationships between immunoreactivity for androgen-related proteins and that for sebogenic proteins were analyzed using the Pearson product-moment correlation coefficient or Spearman's coefficient of rank correlation. A P value of !0.05 indicates statistical significance in this study.
Results
Immunohistochemistry of androgen-and sebogenesisrelated factors in human sebaceous glands AR and PPARg were detected in the nuclei of basal and early differentiated sebocytes, while 3b-HSD and 5a-red1
were all detected in the cytoplasm of early, advanced, and fully differentiated cells (Fig. 1) . On the other hand, StAR was detected in the cytoplasm harboring mitochondria of early, advanced, and fully differentiated cells, which is consistent with the results of a previous study (Stocco 2001) . In addition, EMA was detected only in the cytoplasm of advanced and fully differentiated cells, whereas 17b-HSD2 was detected in the cytoplasm of several differentiated cells.
Sex-and age-related changes of immunoreactivity
Regarding the sex differences in AR and 17b-HSD2 immunoreactivity, males had significantly higher levels than females, whereas there were no significant differences in 3b-HSD and StAR immunoreactivity levels between males and females (Table 2 ). In addition, the levels of 5a-red1 expression also tended to be higher in males than in females (Table 2) . However, there were no age-related differences in any of the androgen-related factors (data not shown), although the expression of PPARg was significantly upregulated in subjects in their twenties compared with those in their teens (Fig. 2) .
Correlations between androgen-and sebogenesis-related factors
We evaluated the correlations between the immunohistochemical levels of androgen-related factors (StAR, AR, 3b-HSD, 17b-HSD2, and 5a-red1) and sebogenesisrelated factors (PPARg and EMA) to examine the influence of androgen synthesis on sebum production in human sebaceous glands. The LI of AR was positively correlated with that of PPARg in males in all cases, and with the H-score for EMA in all cases examined (Table 3) . A significant negative correlation was also detected between the LIs of 17b-HSD2 and PPARg in males (Table 3 ). In addition, the H-score for 5a-red1 expression was positively correlated with that of EMA when the data from males, females, and all subjects were analyzed ( Table 3) .
Localization of 17b-HSD2 in human skin
The influence of 17b-HSD2 levels, which correlated with PPARg immunoreactivity, on sebogenesis has not been reported previously. Therefore, we focused upon the functions of 17b-HSD2 in sebogenesis. The localization and expression levels of 17b-HSD2 mRNA in human skin were evaluated using LCM/real-time PCR. The mRNA expression of 17b-HSD2 was assessed in sebaceous glands compared with epidermis, dermis, and sweat glands and its substantial expression was exclusively discovered in sebaceous glands (Fig. 3a) . Consistently, 17b-HSD2 immunoreactivity was also detected in mature cells of sebaceous glands, but not in any cells in the epidermis, hair, dermis, or sweat glands (Fig. 3b) . 
Effects of the alteration in 17b-HSD2 expression on the expression of sebogenesis-and lipid synthesis-related factors in SZ95 sebocytes
17b-HSD2 was stably overexpressed in SZ95 sebocytes in order to study the effect of 17b-HSD2 expression on sebogenesis as described above. The mRNA expression level of 17b-HSD2 was demonstrated to be stably 16 times higher in SZ95 (17b) cells than that in SZ95 (cont) cells (data not shown). The mRNA expression level of PPARg, one of the sebogenesis-related factors, in SZ95 (17b) cells was significantly decreased compared with SZ95 (cont) cells (Fig. 4a) . In addition, the expression levels of GPAM, SCD, and SREBP1, all reported to be indispensable factors in lipid synthesis (Ntambi et al. 2002 , Rosignoli et al. 2003 , Harrison et al. 2007 , and PLIN1, protecting oil droplets from degradation by lipase (Tansey et al. 2001) , as well as CPT1A, transporting fatty acids into mitochondria (Louet et al. 2001) were evaluated. The expressions of GPAM and SREBP1 in SZ95 (17b) cells were also significantly suppressed, whereas those of SCD, PLIN1, and CPT1A were not significantly changed (Fig. 4a) . Conversely, when the mRNA expression level of 17b-HSD2 was decreased by w50% by the use of siRNA for 17b-HSD2, the mRNA expression levels of EMA, GPAM, and SREBP1 in SZ95 were significantly increased compared with those in SZ95 that had been transfected with control siRNA (Fig. 4b) . However, there were no significant changes in mRNA expression of PPARg, SCD, PLIN1, and CPT1A (Fig. 4b) .
Local androgen synthesis in sebocytes
The levels of androstenedione, testosterone, and dihydrotestosterone (DHT) produced in the presence or absence of DHEA were measured using LC-MS/MS in order to evaluate the ability to locally synthesize androgens in sebaceous cells. In SZ95 cells transfected with a mock plasmid, androstenedione, testosterone, and DHT concentrations were hardly detectable in the absence of DHEA (Mock), but all androgens were detected in the presence of DHEA (MockCDHEA) (Fig. 5) . When 17b-HSD2 was overexpressed under such a condition, the amounts of testosterone and DHT produced in SZ95 (17b-HSD2CDHEA) cells were significantly decreased compared with those in SZ95 cells transfected with a mock plasmid (MockCDHEA). Consistently, the androstenedione concentration was significantly increased in 17b-HSD2CDHEA cells when compared with that in MockCDHEA cells (Fig. 5) .
Effect of testosterone upon the phosphorylation of mTOR
After the inoculation of hamster sebocytes, these cells were cultured with testosterone in the presence or absence of IGF1 for 24 h. Western blotting analysis demonstrated The Pearson product-moment correlation coefficient was used in order to analyze the correlation coefficients (R) and P values between LIs. Spearman's coefficient of rank correlation was applied to evaluate R and P between H-scores or between H-score and LI.
that testosterone markedly increased the expression of phosphorylation of mTOR (p-mTOR) in a dose-dependent manner under stimulation with IGF1, whereas there were no significant changes in its expression in the absence of IGF1 (Fig. 6 ).
Discussion
Sebaceous glands have been reported to be able to synthesize steroid hormones from cholesterol, suggesting a paracrine and/or autocrine (intracrine) involvement of these sex steroids in sebum production and/or secretion (Labrie et al. 2000a , Thiboutot et al. 2003 . SZ95 sebocytes have been reported to express mRNAs encoding various androgen-metabolizing enzymes, including 5a-red1, 3b-HSD, 17b-HSD2, and 17b-HSD3 (Fritsch et al. 2001 , Thiboutot et al. 2003 , Harrison et al. 2007 , and to be able to convert DHEA into testosterone and testosterone into DHT (Fritsch et al. 2001 , Makrantonaki & Zouboulis 2007 , Chen et al. 2010 . In addition, the local activation of 5a-red1 has also been recently reported to regulate sebum secretion via DHT synthesis (Li et al. 2010) . The expression of 17b-HSD2 mRNA among 17b-HSD isozymes was reported to be markedly detected in sebaceous glands (Thiboutot et al. 1998 ) and 3b-HSD is considered to play an important role in the synthesis of sex steroid hormones in skin tissue (Labrie et al. 2000a) . Furthermore, we have previously demonstrated that the status of 3b-HSD1 mRNA expression was correlated with the androstenedione concentration in human skin (Inoue et al. 2012 ). All of these findings indicate that local or in situ androgen synthesis in sebaceous glands may play an important role in skin homeostasis, especially in the process of sebogenesis. In this study, we first examined the correlation between the expression of androgen-producing/metabolizing enzymes and receptors, and the expression of sebogenesis-related factors in human facial skin specimens obtained from 43 subjects by surgery. Our results demonstrated that 5a-red1, 3b-HSD, 17b-HSD2, and StAR were all abundantly expressed in sebaceous glands, exclusively or especially in sebocytes accumulating lipid droplets (differentiating sebocytes). In addition, results of a previous study by Chen et al. (2010) , demonstrating the ability of SZ95 to synthesize testosterone from DHEA, were consistent with our findings that SZ95 could synthesize not only testosterone but also DHT and androstenedione from the external DHEA. These results indicate that androgens are actively synthesized and/or metabolized in differentiated sebocytes via various enzymes in human sebaceous glands. Levels of sebum secretion have been reported to be higher in males than in females after puberty mainly because of the increased blood concentration of androgens in males (Pochi & Strauss 1974) . In addition, activation of PPARg, one of the key induction factors of adipocyte differentiation, has been reported to increase sebum secretion in human skin (Trivedi et al. 2006) . Our results also indicate that PPARg immunoreactivity was Localization and mRNA expression levels of 17b-HSD2 in human skin.
(a) Skin specimens obtained from two Japanese males, 61-and 68-year-old (M61 and M68), were snap-frozen and sectioned (10 mm) using a cryostat. Using a microscope, the frozen sections were carefully dissected into epidermis, sebaceous glands, sweat glands, and dermis by LCM and the expression of 17b-HSD2 mRNA was quantified by real-time PCR using RPLP0 expression as an internal control. (b) 17b-HSD2 immunohistoreactivity in sebaceous glands, epidermis, hair, dermis, and sweat glands using formalin-fixed paraffin-embedded tissues. BarsZ100 mm.
significantly increased at puberty when sebum secretion is dramatically upregulated, a finding also consistent with the results of the studies mentioned above. In addition to PPARg, EMA has been used to study the grade of sebocyte differentiation, because EMA has been reported to be abundantly expressed in differentiated sebocytes (Zouboulis et al. 1999 , Eisinger et al. 2011 . Therefore, we also evaluated the correlations between levels of androgen-producing/metabolizing enzymes and AR with levels of PPARg and EMA in human sebaceous glands in order to further elucidate the roles of in situ androgen production in the regulation of sebogenesis in human skin. The levels of AR and 5a-red1 immunoreactivity in sebaceous glands were significantly higher in males than in females and were also positively correlated with PPARg and EMA immunoreactivity. These results all indicate that AR and 5a-red1 are closely associated with each other, especially in male sebaceous glands, which could promote the supply of DHT via 5a-red1 to activate AR, subsequently resulting in the acceleration of sebum synthesis and secretion.
In this study, we also demonstrated for the first time, to our knowledge, that 17b-HSD2 was more abundantly expressed in males than in females and is negatively correlated with PPARg in sebaceous glands. 17b-HSD2 
P<0.01
Figure 4 mRNA expression levels of sebogenesis-related and lipid-synthesis-related factors. (a) SZ95 (cont), which were transfected with a mock plasmid, and SZ95 (17b), which were instead treated with a 17b-HSD2 plasmid to stably overexpress 17b-HSD2, were cultured for 7 days in the medium supplemented with 10% FBS, followed by the examination of mRNA transcript expression of the interested factors using real-time PCR. (b) After SZ95 cells were transfected with control siRNA or 17b-HSD2 siRNA, they were cultured in the medium containing 10% FBS for 3 days and their mRNA expressions were quantified. The P value was analyzed using Student's t-test. NS, not significant. The effect of DHEA and 17b-HSD2 on the production of androstenedione, testosterone, and DHT in SZ95. After SZ95 cells were transfected with pcDNA3.1 (mock) or pcDNA3.1 (17b-HSD2), plasmids were cultured for 24 h and were cultured in the absence or presence of 1000 nM DHEA for 3 days. The concentrations of androstenedione, testosterone, and DHT in 1 g of the mixture of cells and the media were measured using LC-MS/MS. The P value was analyzed using the Kruskal-Wallis test.
has been proposed to be a key regulator of various functions of steroid hormones, especially in peripheral tissues (Labrie et al. 2000b) , because of its multiple functions in catalyzing the NADP C -dependent oxidation of the most potent estrogen (17b-E 2 ) into the weak estrogen (estrone) and in converting testosterone into androstenedione (Wu et al. 1993) . In addition, transgenic mice overexpressing 17b-HSD2 have been reported to display markedly disturbed skeletal development (Shen et al. 2008) and it has been suggested that human kidney cells transiently overexpressing 17b-HSD2 actively convert testosterone into androstenedione (Suzuki et al. 2000) . In this study, the experiments using SZ95 stably overexpressing 17b-HSD2 or PPARg did demonstrate that the increase in 17b-HSD2 expression downregulated the expression of PPARg, whereas the enhancement of PPARg expression did not affect the expression of 17b-HSD2 (data not shown). Based on this result, we subsequently examined the effects of androgen on the expression of PPARg in order to further explore the causes of the change in PPARg expression under the augmentation of 17b-HSD2. It is entirely true that the externally administered testosterone, which was mostly metabolized by the action of 17b-HSD2, did not affect the level of PPARg expression in this study (data not shown). In previous studies, 17b-HSD2 has been reported to metabolize not only androgens but also estrogens (Puranen et al. 1999) and to be involved in retinoid action in addition to sex steroid metabolism (Zhongyi et al. 2007 , Shen et al. 2009 , and both E 2 and retinoic acid have been reported to upregulate the expression of PPARg (Zhu et al. 1998 , Sato et al. 2013 . These findings indicated that 17b-HSD2 could influence the expression of PPARg by exploiting the functions of estrogens and/or retinoids rather than androgens. In relation to this, we then employed SZ95 sebocytes to further evaluate the effects of 17b-HSD2 levels on sebum production in human skin. When 17b-HSD2 was overexpressed or decreased in SZ95 sebocytes, pivotal factors of sebum and lipid synthesis were significantly changed. Additionally, the expressions of GPAM and SREBP1 were also demonstrated to be enhanced by the decrease in 17b-HSD2 expression in SZ95 sebocytes consistent with results of an experiment on hamster's sebaceous glands showing their increases in the presence of androgens (Rosignoli et al. 2003) . Parallel to our results, lipid droplet secretion into enterocytes was also reported to be augmented when 17b-HSD2 expression was decreased (Beilstein et al. 2013 ). In addition, we attempted to investigate 17b-HSD2 function in local androgen synthesis of SZ95, suggesting that 17b-HSD2 contributed to regulation of the testosterone and DHT concentration. These findings all indicated that 17b-HSD2 played important roles in the local metabolism of androgen, consequently resulting in the regulation of lipid synthesis via the alteration of expression of sebogenesis factors, such as SREBP1 and GPAM, in human sebaceous glands.
In addition to the local androgen regulation in human sebaceous glands, the actions of the central hormone driving puberty and sexual differentiation should also be considered, as IGF1, whose concentration is dramatically increased during puberty in conjunction with androgen, has been reported to play an important role in the onset and aggravation of acne (Melnik & Schmitz 2009) . Western diets, associated with a higher glycemic load and dairy protein consumption, have been proposed to induce and/or aggravate acne accompanied by the activation of IGF1 signaling, followed by the promotion of mTOR signaling (Melnik 2012 , Melnik & Zouboulis 2013 . In addition, mTORC1 stimulation has been reported to cause PPARg stimulation in adipose tissue (Blanchard et al. 2012) The effect of testosterone on the phosphorylation of mTOR. Hamster sebocytes were cultured using Humedia-BB in the absence or presence of 1000 ng/ml IGF1 with 0, 1, 10, and 100 nM testosterone for 24 h.
activating SREBP1 (Bakan & Laplante 2012) , while testosterone has been demonstrated to increase the phosphorylation of mTOR in cardiomyocytes (Altamirano et al. 2009 ). In addition, co-stimulation of androgen signaling with IGF1 signaling has been previously demonstrated to maximize sebum synthesis in sebocytes (Rosignoli et al. 2003) . Thus, we examined the influence of androgen on p-mTOR in order to reveal the relationship between androgen and IGF1 signaling in SZ95. However, testosterone did not affect the p-mTOR in SZ95 (data not shown). Considering that androgen has been reported to induce sebum secretion and accumulation in human sebaceous glands in vivo and in hamster's sebocytes, but not in SZ95 (Rosignoli et al. 2003 , Makrantonaki & Zouboulis 2007 , androgen was considered not to be able to activate mTOR signaling in SZ95 because of the lack of androgen-responsive functions. Our experiments evaluating the role of androgen in p-mTOR activation using hamster's sebocytes, which have androgen-responsive functions, indicted that testosterone stimulated p-mTOR expression in the presence of IGF1. These findings above all indicated that the synergistic effects of local androgen production with circulating IGF1 play pivotal roles in sebum secretion and initiation and/or deterioration of acne.
In conclusion, we demonstrated that local androgen production and metabolism in human sebaceous glands are closely correlated with sebum synthesis and/or secretion. These results also provide new insights into the mechanisms underlying the involvement of intracrine-based androgenesis in the sebogenesis of peripheral tissues. In particular, the inverse correlations between 17b-HSD2 expression and sebogenesis markers could contribute to the development of an efficient strategy for treating acne-related disorders through the manipulation of local androgen production and metabolism.
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